Introduction 1
Polychlorinated dibenzodioxins and polychlorinated dibenzofurans (dioxins) can be 2 produced naturally, arising from, for example, forest fires and incomplete combustion 3 of organic matter, as well as from industrial chemical processes. Samples of 6 mm and 9 mm feed, from each of the four dietary treatments, analysed 1 for dioxin and DL-PCB were collected from the centre of a newly opened feed bag 2 and placed in a glass jar. Equal quantities of each feed size were mixed before 3 grinding. The 9 mm finishing diet was the same as the HFO diet and a sample of this 4 feed was collected as described above. Dioxin and DL-PCB concentrations were 5 measured in single analyses of each 6 and 9 mm composite or 9 mm finishing diet. 6
In June 2002, when fish had reached an average weight of ~2 kg, 12 fish per 7 treatment were sampled for dioxin and DL-PCB analysis and a further 12 were 8 sampled for flesh fatty acid analysis. The fish were killed by a blow to the head and a 9 steak cut from the Norwegian Quality cut region. Each individual steak for dioxin 10 analysis was immediately wrapped in aluminium foil and frozen on dry ice. The 11 steaks were pooled to provide three samples of flesh from 4 individual fish for each 12 dietary treatment. Before analysis, the steaks were blended in a food processor, after 13 removal of skin, bones and the dorsal fat body. Similar samples of pooled flesh were 14 processed in the same way and the homogenised flesh frozen prior to lipid extraction 15 and fatty acid analysis. 16
Analysis of dioxins and DL-PCBs 17
All analytical procedures for dioxin and DL-PCB analysis were sub-contracted to the 18
United Kingdom Accreditation Service (UKAS) accredited laboratories of Scientific 19
Analytical Laboratories Ltd. (SAL), Medlock House, New Elm Road, Manchester M3 20 4JH. All analyses were conducted in accordance with SAL Standard Operating 21
Procedures. 22
Sample extraction and clean up procedures 23
For feed samples a 50 g aliquot was ground and placed in a pre-extracted Soxhlet 1 thimble, spiked with 13 C-labelled internal standards and extracted with 300 ml toluene 2 for 16h in an automated soxhlet extraction apparatus. For flesh samples a 50 g aliquot 3 was spiked with internal standards as for feed samples, and digested in concentrated 4
HCl overnight. The solution was then back extracted with 200 ml of 5 hexane/dichloromethane (1:1 v/v) for 16h. A method blank was processed in the same 6 manner. The extracts were then purified by acid washing followed by elution through 7 a column combining sulphuric acid impregnated silica, potassium hydroxide 8 impregnated silica and anhydrous sodium sulphate. The eluate from this column was 9 further purified on a column containing activated Florasil and then concentrated to 10 near dryness prior to analysis on a gas chromatograph/mass spectrometer (GC/MS) 11 apparatus. Immediately prior to GC/MS analysis the sample, dissolved in nonane was 12 spiked with recovery standard, 13 C 6 -1,2,3,4-tetrachlorodibenzo-p-dioxin (TCDD). 13
GC/MS methodology 14
The dioxin and DL-PCB analyses were carried out using a HP 5890A GC coupled to 15 a VG Autospec Ultima mass spectrometer. Samples were injected using an HP7673B 16 autosampler and data was collected and processed using the VG OPUS package. The 17 thickness) and helium was used as carrier gas with a head pressure of 30 p.s.i. The 19 oven temperature program was 140 o C for 4 minutes then to 220 o C at 15 o C/min then to 20 240 o C at 1.5 o C/min, hold for 2 min then to 310 o C at 4 o C/min and held for 10 min. 21
Injection was in splitless mode at 300 o C. The MS source was set at 30eV, the trap 22 current was 700 µA and the source temperature was 250 o C. The samples were 23 analysed for the 17 PCDDs/PCDFs which have toxic equivalency to 2,3,7,8-TCDD 1 and the 12 co-planar PCBs 77, 81, 105, 114, 118, 123, 126, 156, 157, 167, 169 & 189. 2 EC/WHO toxic equivalent factors (TEF) were used to convert dioxin/PCB values in 3 ng/kg to WHO toxic equivalent values (TEQ). 4
Lipid extraction and fatty acid analysis 5
Total lipid contents of salmon flesh were determined gravimetrically after extraction 6 by homogenization in chloroform/methanol (2:1, v/v) containing 0.01 % butylated 7 hydroxytoluene (BHT) as antioxidant, basically according to Folch et al. (1957) . Fatty 8 acid methyl esters (FAME) were prepared from total lipids by acid-catalyzed 9 transesterification in 2 ml of 1% H 2 SO 4 in methanol plus 1 ml toluene as described by 10
Christie (1982) and FAME extracted and purified as described previously (Ghioni et 11 al. 1996) . FAME were separated and quantified by gas-liquid chromatography (Carlo 12 Erba Vega 8160, Milan, Italy) using a 30m x 0.32 mm capillary column (CP wax 13 52CB; Chrompak Ltd., London, U.K). Hydrogen was used as carrier gas and 14 
Statistical analysis 20
Significance of difference (P < 0.05) between dietary treatments was determined by 21 one-way ANOVA. Differences between means were determined by Tukey's test. 22
Data identified as non-homogeneous, using Bartlett's test, were subjected to log or 23 arcsin transformation before applying the ANOVA. ANOVA was performed using a 1 GraphPad Prism (version 3.0) statistical package (GraphPad Software, San Deigo, 2 CA, USA). 3
Results 4
Dioxin concentrations in the four experimental diets were in order HFO > LFO > 5 LVO > HVO with the concentrations ranging from 1.40 to 0.16 ng TEQ/kg (Fig.1A) . 6
The finishing feed had a slightly higher concentration, than the combined 6 mm & 9 7 mm HFO feeds, of 1.7 ng TEQ/kg (Fig. 1A) . DL-PCB concentrations in the four 8 experimental diets were in the same rank order as for dioxins with concentrations 9 ranging from 3.68 to 0.62 ng TEQ/kg although the concentration of DL-PCB in the 10 finishing feed was considerably lower than that in the HFO experimental feeds at 1.31 11 ng TEQ/kg (Fig. 1B) . 12 Dioxin concentrations in salmon flesh broadly followed the concentrations in the 13 feeds with the highest value in fish fed the HFO diet (0.53 ng TEQ/kg) and the lowest 14 in fish fed the LFO diet (0.10 ng TEQ/kg) although there were no significant 15 differences between the dioxin concentrations in fish fed the LFO, LVO and HVO 16 diets ( Fig. 2A) . DL-PCB concentrations in salmon flesh also followed the pattern in 17 weeks. Following the 24 week finishing diet period, fish were sampled again for flesh 1 dioxin and DL-PCB analysis. Dioxin concentrations, after 24 weeks on the finishing 2 diet, were still significantly higher in fish fed the HFO diet throughout (0.54 ng 3 TEQ/kg) compared to fish previously fed the other three diets. The lowest values 4 were in fish previously fed the HVO diet (0.20 ng TEQ/kg) and they were 5 significantly lower than fish previously fed both the LFO and HFO diets (Fig. 3A) . 6
Apart from fish previously fed the HFO diet fish from all other groups had 7 significantly higher flesh dioxin concentrations after the finishing diet period 8 compared to the concentrations after the experimental diet phase 24 weeks earlier 9 (Fig. 3A) . DL-PCB concentrations, after the 24 weeks on the finishing diet, were 10 significantly higher in fish fed the HFO diet throughout (1.07 ng TEQ/kg) compared 11 to fish previously fed the LVO and HVO diets (Fig. 3A) . Fish previously fed the LFO 12 and HVO diets had significantly higher flesh DL-PCB concentrations after the 13 finishing diet period compared to the concentrations after the experimental diet phase 14 24 weeks earlier (Fig. 3B) . 15 Flesh EPA concentrations were significantly different for each of the treatment 16 groups with the highest values in fish fed HFO (7.0%) and the lowest in fish fed HVO 17 (1.4%) (Fig. 4A) . After feeding the FO finishing diet for 24 weeks flesh EPA 18 concentrations in fish previously fed HVO were still significantly lower than fish 19 previously fed HFO or LVO but had been restored to 80% of the value in the HFO 20 fish (Fig. 4A) . Flesh DHA concentrations were significantly different for each of the 21 treatment groups with highest values in fish fed HFO (18.5%) and the lowest in fish 22 fed HVO (4.9%) (Fig. 4B) . After feeding the FO finishing diet for 24 weeks flesh 23 DHA concentrations in fish previously fed HVO were still significantly lower than 1 fish previously fed HFO or LFO but had been restored to 80% of the value in the 2 HFO fish (Fig. 4B) . 3
Discussion 4
The dioxin and DL-PCB concentrations in the experimental diets followed a 5 predictable pattern based on the FO content of the diets with the highest values in the 6 HFO diet and lowest values in the HVO diet. The 9 mm finishing diet had a higher 7 dioxin concentration, but a lower DL-PCB concentration, compared to HFO diet 8 which was a composite of the 6 and 9 mm feeds. The FO in the finishing diet was 9 capelin oil while that used in the 6 mm diet was herring oil. The concentration of 10 dioxins and DL-PCB in capelin is generally lower than that in herring although the 11 values can vary seasonally and geographically for both species (Rappe et al. 1989; 12 Lundebye-Haldorsen and Lie, 1999; EC 2000a). All diets used in this study were 13 considerably lower than the European Union (EU) permitted value for dioxins in fish 14 feeds of 2.25 ng TEQ/kg (EC 2000a) . The highest dioxin concentration in the feed 15 used was 1.7 ng TEQ/kg for the 9 mm feed containing capelin oil followed by the 6 16 mm/9 mm composite at 1.4 ng TEQ/kg where the 6 mm feed contained herring oil. 17
The lowest dioxin concentration was in the HVO feed being 0.16 ng TEQ/kg or 9% 18 of the value in the finishing feed and 7% of the EU recommended limit (EC 2000a) . 19 well within the EU recommended consumption limit. 22
Feeding diets containing 100% of added oil as LO and RO (1:1 w/w) from first 1 feeding to harvest at 2 kg resulted in flesh EPA and DHA concentrations being 2 reduced to around 25% of the concentrations found in fish fed the HFO diet over the 3 same period. However, after feeding the HFO finishing diet for 24 weeks flesh EPA 4 and DHA concentrations in fish previously fed HVO were still significantly lower 5 than fish previously fed HFO but were restored to 80% of the values in the fish fed 6 HFO throughout. This result supports a number of recent studies in salmon post-7 smolts fed diets containing either RO or LO where restoration of flesh concentrations 8 of EPA and DHA was achieved by feeding a FO finishing diet for periods between 16 9 and 24 weeks (Bell et al. 2003 , 2004 Torstensen et al. 2004 ). These data have been 10 further supported by modelling studies demonstrating the application of a dilution 11 model to predict tissue fatty acid changes following alteration of dietary oils in 12
Atlantic salmon and other species (Jobling, 2004 , Robin et al. 2003 . 13
Conclusion 14
This study has shown that Atlantic salmon can be cultured, over the whole production 15 cycle, using diets in which 100% of added dietary fish oil (FO) can be replaced by a 16 blend of rapeseed (RO) and linseed oils (LO) without detriment to growth 17 performance. While flesh concentrations of EPA and DHA were significantly 18 reduced in fish fed vegetable oils (VO) these values could be restored, to 80% of the 19 values in fish fed FO, by feeding a FO-containing finishing diet for 24 weeks. 20
Feeding the 100% VO diet reduced flesh dioxin and dioxin-like PCB concentrations 21 by 75% and 64%, respectively, compared to fish fed FO. After feeding the FO 22 finishing diet for 24 weeks the flesh dioxin and dioxin-like PCB concentrations were 23 still 60% and 47% lower than in salmon fed FO throughout. While Scottish salmon 1 cultured using diets based on fish meal and oil have flesh dioxin concentrations that 2 are < 14% of current EU limits these values can be substantially reduced by the use of 3 vegetable oils in feed formulations. specifications. Finnstim and Carophyll pink® to provide 60/mg astaxanthin. 5 Herring 1 oil for 6 mm pellet and capelin oil for 9 mm pellet. 
